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INTRODUCTION

A large proportion of the dynamic devices used to intersckt with
the charged-particle beams in mccelerators or storage rings can be
claszified as pickups or kickers. These devices® act through time-
varying electromagnetic fields either to extract informatlon about
the particle's motion or to effect a change in that motion. A given
configuration of electrodes may be used either as a pickup or as s
kicker; that duality will be addressed in this paper.

An example of a simple electrode is the loop antenna, which may
be made in the shape of an electrical stripline at the side of a beam
chamber. This electrode picks up a signal from the beam current by
intercepting time-varying magnetic flux and image charges of the
beam. One can also understand that the difference signal from two
sueh steiplines placed on opposite sides of the beam will give in-
formation on the beam's transverse position. This same electrode, if
externally excited as a kicker, can produce transverse forces through
itz magnetic field acting on moving charges; and its electric fields
in the direction of the particle motion produce its effects as a
longitudinal kicker,

Electrodes for a particular application call for response over a
particular range of frequencies, The stripline electrodes provide
ugeful coupling over a range greater than one octave, centered about
frequencies usually between- 100 MHz and 10 GHz. In this same fre-
quency region, a nacrow-band device is the r.f. cavity which can be
employed as either a sensitive pickup or a high-power accelerating or
deflecting electrode; the rf accelerating system of a particle accel-
erator is a specialired example of such & kicker. A particular wave
form with shert rise time, then lomg flat dwell, is called for in the
pulscd magnet kicker used to inject beam onto a closed orbit. De-
pending on the application, analysis, and description, an electrode’s
performance may be in either the time domain or the Erequency domain.

In the discussion which follews, we shall derive some general
relations between longitudinal and transverse effects, and between
the responses as pickup and as kicker. We shall see that dynamic
effects are entirely determined by the longitudinal electric fields
in the direction of the beam current when the electrode iz excited as
a kicker; and as a corollary, absence of longitudinal electric fields

guarantees no covpling 4o beem particles. Response functione that
serve as Fipuces of @evit will 2o defined. We shall then analyze
the responses of specific examples of pickups and kickers. Finally
an approach to the calculation of the transverse variation of coup!l
ing over the electrode aperturs will be presented.

1. EELATION BETWEEN TRANSVERSE AND LOWGITUDIMAL EFFECT3

The transwverse deflection received by & meving particle is
produced by field components that are transverse to the particle's
veloeity. However, in this section we shall show that in a time-
varying electromagnetic Field, the deflection can be expressed in
terms of only the longitudinal component of electrie filelds in the
kicker.

The total momentum deflection h; produced in a pacticle of
charge e and velocity v is

b =+ -+ -
ap -ef (€ + v x B)dt (1.1
a
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where B and B are the electric and magnetic fields tha particle

+ 4
experiences in going from a to b along a trajectory ds = wdt. On
that same path the particle will receive an energy change

b 4 -+
AE = t‘ﬁ g -ds . fLl.d
a
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To the extent that we may treat the velocity v as a cun:tnnt vacton
a simple relation may be found between derivatives of Ap and 4E.
Examine

" b + - -
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in which we may insert
EE e (
= = d
13 VxE 1

and use the identity
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o obtain
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aparate this vector equation into components parallel to and
ransverse to trajectory s. The parallel component gives the
jentity

3 T &
13 {npsi =@ H-L Hdt : {1.7)

12 rasult of interest is that, under the above assumption
! a straight-line trajectory,
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v many cases, the term containing entrance and exit fields is zero
d the restriction to a straight-line trajectory is reasonable;
wrafore, this equation has many applicatiens. For fields with
nusoidal variation eJ“t, the equation becomes

jubp, = - ﬁﬁ{nz} ’ (1.8a)

Beveral consequences of this relation come to mind:

a. A sweeping transverse kicker will introduce an enargy
gradient across the beam width. But it is not necessarcy
to have a statiec field to produce an scceleration that is
uniform in space.

b. The disteibution of longitudinal electric fields £
completely definez the transwverse (and lungitudinag} kick
except for an additive static deflectioen.

€. An ©f cavity with no longitudinal E fields (i.e., pure TE
medes) cannot produce a deflection.

This last conclusion is illustrated in Fig. 1 which shows the
rection of fields encountered by a particle in passing through a
sonating TE cavity. Egq. (1.Ba) tells us that deflections from the
and the B fields must cancel exactly.
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FPig. 1. TE-mode flelds along beam trajectory through cavity.
2. APPLICATION OF RECIPROCITY THEOREM

The Lorentz reciprocity theorem concerns a volume, bounded by
surface 3, that contains electromagnetic fields from two sources
designated by subscripts 1 and 2. The sources may be current densi
ties J within the volume or extarnal sources that, in part, deter-
mine fields at the surface 5. The basie form of the theorem, in
which fields and currents are expressed as complex phasor vectors
with time dependence oj”t, is?

+ + =+ -+ - -, -+ e -
f(&lxn,-l!au Hlj-ds=f{E,-Jl-E,_-.I2]dvul. (2.1
5 vol
Apply this theorem® to the schematic dlagram of 2 pickup in

Fig. 2, whera Jg is the beam current density and subseript B lg
used in place of 2. The cutgoing signal produced at the signal por
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Fig. 2. Schematic plekup diarcam for application




E Vg. The signal port may be a cable of characteristic impedance
s- MAlso at this port, an inwardly directed voltage V, is supplied
3 produce within & field E1 and B, and currents J, in resistive
edia; we shall ignore any perturbatiom produced in Jg. The volume
ntegral over resistive media vanishes, leaving only the term in

y * Jg containing free current. The portion of the surface integral
svering the entrance and exit beam ports may be made zero if the

#am pipes are made small enough to prevent the propagation of
raveling waves. At the signal port, entering and exiting TEM waves
wntribute two additive terms of V VBIZ to the surface integral.
rerefore, Eq. (2.1) becomes

2 'f'ﬂ -I“ . J d vol

s ﬂ,_f . .I d val . (2.2)

1 this equation, note that Jg is a sinusoidal wave of beam current
1d the integral is evaluated at one instant in time. The useful-
s of Eq. (2.2) stems from the observatiom that frequently it is
impler to calculate the fields in an electrode when excited by an
¢ternal source ¥V, than to calculate directly the response when ex-
ited by a beam current. Later we shall also use this equation te
ind a relation between the responses of an electrode ac a kicker
w =5 a pickup. '

3. RESPONSE FUNCTIONE

To desceribe the coupling between the terminals of an elecktrode
1d the beam, certain parameters ace in common usage. These will be
:fined and then related using Eqs. (1.8) and (2.2). For this pur-
3¢, the frequency domain and complex vector notation will again be
H-T-

For the longitudinal kicker, a convenient dimensionless
irameter is the kicker constankt x", which ig simply the complex
itie of the change in beam parkticle energy (in wolts) to the kicker
iput voltage Vg. The energy change is found by integrating the
.cker fields By along the particle path as in Eq. (1.23:

"

: - -*
_f o ok B, +ds . (3.1)
g

e particle, having velocity Bc, will be at position s when
= g/flc., Eubstitute this and k = w/Be to obtain the longitudi-
il kicker transfer function defined as

P +
K =4 %,_f oK €, * ds - (3.2)
E

Az we have noted, the kicker constant L] iz dimensionless and
contains information on phase shift, but it is not uniquely related
to the efficiency of an electrode because its magnitude may be
changed by introducing & transformer at the terminals of the kicker
to change the input impedance zﬁ.

For a figure of merit more related to energy efficiency, we
adopt the parameters used to describe an rf asccelerating cavity,
namely, shunt impedance, transit time facter, and cavity voltage.
By analogy with cavity voltage, the instantaneous electrode woltage

along the beam path is
e -
= JC EK - ds . {3.3)

This differs from the voltage gain of a particle by the transit time
factor defined a=z

H-#ﬁ

T“ = ﬂEf&Fﬂ = VKIHJ‘ﬁ . (3.4)

The shunt impedanca R is defined in terms of the input power by the
equation

P [vpfr2e . (3.5)

Noting that this kicker power it also given by |vy|®/2Z., we can use
Eq. (3.4) to show that

BRI =2 |x"|‘ = |%E|2IEP . (3.6

The quantity RT? may often be referred to as simply shunkt
impedanes, but it ig desirable to retain the T? to indicate that it
includes the transit time factor. B is directly related to the
kicker electrode structure and T introduces the effect of the finite
particle velocity.

For the transverse kicker, proceed in & similar menner starting
with Eq. (1.1) to obtain

e - ﬁPJ_ﬂc 1 -jllm 4 > =
El.'_ﬂ?x_= 'F;f' {E_L+1.er}Kl!n £3.7)
s

a . z ¥ Ty,
an BT chlll a.e
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As was shown in section 1, the transverse snd longitudinal
kicks are related through the spatlal gradient of AL. Hence, using
Eq. (1.8), we find that

- -+
- 3k 5:'1 =¥ x5 . (3.9)

Turning our attention now to pickups, one of the more obvious
thoices for a coupling perameter is the ratio of Pickup output volt-
8ge Lo beam current, which ig defined as the longltudinal transfer
impedance Ep:

Zp = Vp/lp . (3.10)

for a pickup intended to respond to the transverse position of the
jeam, the ovtput signal is proportionsl to the product of current

ind displuement x; such a plekup is chearscterized by a transverse
:ransfer impedance

[l av, +

i
z, t EE = Vp/Ix . (3.11)

'he reclprocity result Eq. (2.2) can now be used to relate IP to K.
£ we insert Eq. (2.2) in Eg. (3.10), we obtain

zn - +
"l E?:I; El . JB d val . (3.12)
vol (at Fixed time)

Z

n this volume integral, values of E and J are taken at a fixed
ime. The beam, assumed to be moving in the positive s—directien
lth velocity Be, will have an s-dependence e-iKS, Furthermore,
ssuming E, does not vary grestly over the beam cross section, we
By integrate over x and y giving

- -+ -+ + s
¥ = L] _Jk'
f E:. JB dxdy E: I, 0 (3.13)
L
1d Zp becomes
Z -jks 2 x*
= = £ L " a
Z, i fi E - ds (3.14)
]

s integral differs from that in Eq. (3.2) defining K, only in the
mee of 3. Therefore, it represents a kicker excited with V,s but
(th the beam waves traveling in the revecsed direction. The rela-
-0n between pickup and kicker responses for a given electrode is
wrefore

Zy = %znx" (3.15

with the provision that the beam sense ba reversed between tha two
applications. This technicality concarning the gense of the besm's
motion takes into account the very real directional sensitivity of
somé beam electrode structures,

The similar relatlon for transverse responses is obtained by
differentiating Eq. (3.15) with respect to x,

" )4
:P - % zﬁ Fiﬂ 1 (3.16

and using Eq. (3.9), giving
: 5 = l - 3
EP I szl::l (3.1?,

The power from the pickup signal into an impedance-matched
load, Z;, is

1 a
PF =3 {1Ezp} .*zﬁ ¥ {3.18)

We may rewrite thie in terms of the electrode's (kicker) shunt imped
using Eq. (3.15) and Bqg. (3.5) to obtain, for the longitudinal plekuy

=l1z (1g,?
B & IgZ, G “I]'
P x; cullr"‘m : (3.19)

Here we see that the shunt impedance (modified by the faetor 1/4)
serves also ag a measure of efficiency of that electrode used as &

pickup. Similarly, for the transverse plekup, we obtain the power

FF =

1 fa2
Z {IszPi fzc
] 1 2 2 2
or Pp = 7 Elnx} k {HLT f4) . {3.20)
The appearance of k = w/Bec = 1/PA in the transverse e@lectrode
responses hag the consequence that a pickup configuration, if used
ag a kicker, will have a comparatively lower response at high fre-
quency. With this qualification, we see that high shunt impedance

relates to high efficlency for sn electrode whether used as a pickup
or a kicker.



Application of the reciprocity-derived relations assumes that
yltage Vy and ¥, are observed at an impedance-matched connection
wre no reflected waves are present. This ie not always the case
: convenient eleckrode terminals and mismatech introduces some
sdification in the relations so far derived.

A resonant electrode without driver or amplifier input impedsnce
mnected is eharacterized by an unloaded Q-value, @ . With driver
* Lload attached, the toktal cireuit response is widened to fw/w = Q
1ich depends on the load and how it is coupled to the electrode.

n some applications the degree of loading may conveniently be used
» adjust the response width.) At the terminals of a kieker, of
mwrse, the driver impedance has no effeet on K or RT?, but the
ificiency of the driver iz affected by any impedance mismatch. On
ie other hand, at the terminals of a plekup the output voltage {Zpl)
id power at the unmatched load do depend on the loading. Maximum
wor 15 delivered when a matched load lowers Q| to one-half Q.

vt ather degrees of loading, the value of Z, at resonance is
titiplied by 20Q)/Qy and the power by the Factor AQ (Qy - QLI gy,

Table I is a summary of useful relations for beam electrodes.
iese apply at any frequency other than zero. The special consider-
:ions for unmatched loading of resonant systems are not incorporat-
| here.

Table 1
Longitudinal Transverse -
bpRe
&% 455 =y
-+ ... o
i ?.'.Kll- = —_]]f. K].
L
4 fel2
e 1|4E ] 1|4p Re 2
& By = Ile_| T By ™ :lTl /R T
a2 2 3 z
{“n' = 2% mr = 2[x |
1 ; 1
2y = Iz'::vc“ 2p = - 3ikz K,
‘V'H'P = ZFIB '|||'£|- = Eé{[nﬂ}
&
o y Bt | ] Y = > 3 ]
E Pp = IB{RH'I Iy B, }nnx:- k (R T /4)
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4, STRIPLINE ELECTRODES

In this section we shall caleulate in some detall the responses
of stripline electrodes to illustrate the application of the rela-
tions in Table I. To do this we must First visualize the electro-
magnetic waves in a structure such as the stripline pair disgrammed
in Fig. 3.

Each of the stripline plates with its adjacent ground plane
(wialls) forms a transmission line for TEM waves. In the center
(away from the ends) of these shert lines the fields are purely
transverse and propagating at a line velocity V. . That velocity
would be the veloeity of light for smooth tun—d&menaiunal eon-
ductors, but may be reduced by the presence of magnetic or dielec-
tric media or by longitudinal varlatiens in the cross sections of
the conductors. Each stripline has & characteristic impedance
the value of which is modified somewhat by coupling to the other
line. At the ends of the strips, longitudinal electric Fields
arigse. It is the integral, Egq. (3.1}, through these flelds that
determines the coupling of the beam electrode as a kicker, and using
the mathematical relations of Table I, also the coupling as s pickup
with beam velocity reversed. While this formalism will give the
response of the pickup, it may be more satisfying to visualize the
distributions of induced eurrents as the physical mechanism for

coupling by the pickup.
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Fig. 3. A pair of stripline electrodes.
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The configuration shown in Fig. 3 makes & simple broad-band
leetrode. The sense of the beam weloecity and the polarities of the
wciting voltages shown are appropriate for its use as a longitudi-
al kicker powered by signals at the downstream end. 1In each strip-
ine a wave propagates upstream and is teeminated in its line imped-
nce Z_. The voltage to drive the kicker, Vyged“t.will usually be
upplied at Ry = 50 ohms impedance and must be transformed to Z;, and
ivided to pruvide voltage Vi for each line. The voltage needed is
hus Vg = V| /2R 2| . A

We want to ealeulate the kicker function using Eq. (3.2)

A | A f o o (4.1)
. E'VE f :
=vt

nich invelves enly the lengitudinal components of field Eg elwt
valuated at the position of the beam particle, i.e., at s = vt. The
ields are concentrated at the ends 8 = -% and & = 0. The integral
acough one erd field is less than the line voltage by a geometric
actor E”{H.h} which reflects the fraction of the angular space

round the beam subtended by the electrodes and it is also reduced
¥ 8 kransit-tima Factor which we shall assume iz near unity for a
1wrk gap and high velocity particle. (These factors will be dis-
izsed more in Section 9.) For a beam on the centerline of this
smfiguration, the geometric factor may be shown to be

i

1 expression whose value exceeds 0.95 for w/2h > 1. Therefora,
v the s-component in Eq. (&4.1), we take

n
o |

tan ® {sinh™) , t4.2)
2h

Jult + s!vL}

Eae‘imt - gIEUL[Ms} = amm] e (4.3)

Wl ingert for t the particle arrival time t = s/v to obtain

>0
P 4 1
%1 |I|EI. i My + y Jus
K" = F: ZE; ‘l. gl vL[ d(g) - d(s+L) ] & L d
< =i

lving the kicker function

x
Ky - .f,}[ 2, T 00 (4.4)

with @ = -;1 * 1 3 % This iz shown in Fig. 4,which may be regard-

ed as the raspokse to either fregquency, length, or velocity. I£
both beam and line velocitles equal ¢, then Kj is maximum and real
for L = &/4; for this reason, the electrode is often called the

A ‘—am PI itude

-

o \ 2% "-\ 31t oft .
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Fig. 4. The longitudinal kicker funmection for stripiines.

“gquarter-wave loop”. Hote that st this waximum a passing partlcle
receives a voltage kick 2V g|. about twice the line voltage. It is
a broad-band device that provides a bandwidth of an cctave width at
1.25 dB down or & 3-to-1 range at 3 dB down.

Power for broad-band, high frequency operation is expensive,
motivating one to maximize the shunt impedance which is, using
Eg. (3.68),

au;’=azL5ﬁnri" 9 . (4.5)

Hote that,es mentioned before, in this more fundamental figure of
maerit the source (or terminal) impedesnce B, does not appear. At
frequencies below about 100 MHz, the use of ferrite is very effec-
tive for increasing 2| and shortening the electrode length. ALt ver)
high frequencies, a lower ratis w/h may reduce g)i also, wavaguide
modes may propagate im the gep h end modify the response.

When the stripline iz used as a pickup, the beam must pass in
the posite sense so that the output terminals are upstream. using
Iy = 7 EGK". then we find the transfer impedance,

Z, = HEE_L B j{' ) sin @ . (4.6)



Typical stripline electrodes*'® have single-line lmpedance in
18 range 25-to-100 ohme and g? z %, giving at maximum response

E“T e 15 - 100 @
Z? = 18 - 35 Q
Kil = 0.7 - 1.4 .,

recent application of stripline electrodes in which weak signal
1l costly power were concerns was in the Fermilab antiproton

:cumulator.® Electrodes having a response range of 1-to-2 GHz and
.= 100 ohmz were used in 128-element arrays giving B"T’ = {128)
130) = 16.6 2 and = 40 w128 = 450 Q.

Examination of striplines used as transverse electrodes
llustrates some additional points. We shall caleulate the response
irst using longitudinal fields only, as above, then by the intui-
vely more direct approach of integrating the transverse forces.

We use the szeme configuration as in Fig. 3, but reverse the
ilarity of the upper stripline making the E; fields be zero at
mter (y=0) and vary approximately linearly as 2Zy/h. The change in
ilarity will alse change the fector g;: call this transverse geomet-
.¢ factor g;, which at centerline is

8= tnnh%. (4.7)
w coupling between the two striplines also changes producing a

wer value for 2. The longitudinal kicker function K| for this
-modified case is thus, using Eg. (4.4],

" . .
Xy =2 ;’m_zl- 2%, AT sine (4.8)
o

ply Eq. (3.9) to find K:

. ook
ol - ¥
IL -i@
KJ. = S ﬁgl .“E & sin @ 2 (4.9)
o

iie result is very similar to the longltudinal ¥ in Eq. (4.4), but
e Factor 1/bw further penalizes large aperture snd shifts the
‘equency for maximum response downward to @ = 0. This will be more

wcognizable az a t{pi:gl 31EB!ﬂ transit-time response if we re-
m
range using 0 = 0y & ELj 7

- fiL [l v -8 sin e . 1
KJ_ = TE; 2, E 1+ q} e 2= (4.9a]

The other characterizing parameters for the transverse case are
obtained from Eg. (3.8) and (3.17):

2v: 2 2 i
4 EZLIEL hi]' ain (4.10]

=
=
It

' B Z «

z, = -4k L A % 3G gin 0 . (4.11]
This transverse transfer function does not contain the 1/w factor
and, except for the small difference between gu and g, (and numeri-
cally different Z) is the same as the longitudinal cese divided by
the half-gap.

The alternative approach using transverse fields starts from
Eq. (3.7), using &5 the fields of the upstream TEM wave between the
striplines:

Er Ve B,V g glott + %L} (4.12]
B et .l g oI (4.13]
L ¥
to get
. jég ju
, [u v 3 Jg°
K, = v: i eV gVgel ds (4.14)
-t

which gives the same result as Egq. (4.9) and (4.9a). This latter
approach in this case is simpler, but the object here has been to
show the equivalence of the two. y

A curious feature of the stripline pickup i= that, if the beam
veloeity v equals the line velocity v . mo voltage appears at the
downstream end. This allows that end to be electrically connected
to any impedance, including & short or an open circuit, with no
effect on the picked-up signel. However, the output line will then
not be back-terminated to absorb reflections in the cireuit.

5. CAPACITIVE PICKUP
A plate or button that is expoged to the electric field of a

beam will, in developing an image charge, drive current into a
grounding resistor B (Fig. 5).
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Fig. 5. Schematic diasgram of capacitive pickup.

pair of electrodes connected in parallel will have a total image
wrge of

q = - ghIy/v (5.1)

ere the effective length L and the geometric factor g are
iterminad by the electrode size and distance from the beam I of
yeitive particles. If the electrode pair completely encircled the
pam, the factor g would be near uniky.

Fiest consider electrodes short compared to % = 1/k, each of
12 two having eapacibtance C to ground. The voltage developed
ross the two resistors in parallel is

Voeefug B2 _orrpuk R (5.2)
YT v jaEC B “av 1 + juRC

!, perhaps at low frequency, B is the direct input impedance of an
nplifier, then V is the availsble signal, but usually undesired
ided capacitance to a remobe connection or & tranformer to R =

3 &2 will result in cnly a fractlon o of the power being delivered
3 By. In that case we find

f20r 2aR_R
- A | L
zp Tﬂl__ ziﬁ“gr ) (5.3)

Although with this unmatched load the equatioms of Table I are not
strictly applicable, we can use them to find an effective ET? for
this pickup case:

R1% = 2(gud)” oB {5.4)
MY T ;

At low frequencies, the signal is proportional to the rate of
change of beam current, but sbove wBC = 1, the capacitence is said
to "integrate" the zignal snd the resulting response is

[
zp- 2a Eﬁglfﬂﬂ g (5.5)

This region of flat response, although not the most sensitive
because it calls for RC > 1w, is often used for the observation of
beam current versus time with a wide frequency range.

A stronger response over a more narrow bend ls provided iF an
indueter is placed in parallel with each R of Fig. 5. The resulting
resonant circuits have a loaded § = w RC, whers R includes circuit
logees and the output load. The bickaﬁ-up capacitive currents then
drive the parallel impedances Qy /wyC to produce at resonant fre-
quency we the maximum pleckup response

2aR_Q
= d oL .
z i et o 5.6)

af

@b : (5.7)

These quantities give the dependence of the resonant maximum on o
and loaded Q. The band width is then dw = wp/Qp at 3 4B reduction.
The upper limit on Q is determined by losses in circuit components;
in the neighborhood of 10 MHz where ferrite is still effective, a
¢ of ~ 100 is available.

Resonating the capacitive pickup provides a controllable
regponse width in a compact electrode at low frequencies where the
wavelength would make a quarter—wave stripline or a cavity prohibit-
ively lsrge. In the intermediate length where, to meximize signal,
the capacitive electrode length becomes comparable with %, it may
be analyzed as a center-connected cpen-ended stcip tranemission line
in that case, a characteristic line impedance of ZL and velocity v
are assumed and one can show that

z 2 ? kys2
BTY = & 2 _ﬂi_—[ (5.8)
L & cog kL 2 gin k £ “QL

L2

2
2 w b
BT = 2(F_%_)




here k_ = wp/vy . This becomes the same as Eq. (5.7) for small ki &,
Eing the relation Zjv|C = & for a TEM line. The cosine factor in
he denominator approaches zero for a half-wave line, supgecting

ery high shunt impedance. Unfortunately, difficultles in coupling
o a very low eireuit impedance and other resonances enter to limit
he open-ended electrode to less than a half wavelength long.

An electrode with transverse response linear with beam displace-
ent (or uniform in deflection if used as a kicker) is formed by
eparating halves of s section of beam tube by a diagonal cut
Fig. ). It is reasonable that linearity will result for some
sometry, but that this is true for &ny shape eylindrical tube with
isgonal cut is discussed in section 9.

Z
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Fig. 6. Diagonally cut eylinder electrode.

6. RESONMANT CAVITY

The cavity resonator is & very efficient beam coupler with, For
mple shapes, predictable response within its rescnant bandwidth.
- is well suited for detecting or controlling by feedback particu-
ir modes of beaw instability. Pickup or kicker circuitey is eoupl-
| to the cavity through a leop or stub antenna. That loading
wulting from such eoupling brosdens the frequency response as
ited in section 3; ‘however, for characterizing the efficiency of a
wity, the unloaded shunt impedance BT? at resonance is used,
i this section we shall show how to calculate that impedance for
ith lomgitudinal and transverse kickers.

Az &n example of a sum pickup or kicker, consider the square
wity of Fig. 7. The shunt inmpedance is found frem

w U 2 F
=, - 1£4E g 6.1
F ﬁ;‘ o - "I (
uging
E:ja’“idz (6.2
a z
and
1 2
U=z ;?J'E d vol . (6.3
vol

XBL BE8=3168
Fig. 7. Fields in longitudinal cavity-electrode.
The lowest cavity mode with maximum longitudinal electrie fiald

along the centerline is mode TM,,, for which the wavelength is
A= f2 a and the electric field is

E = E, cos E;con L (6.4)

uniform in the z-direction. Application of Eq. (6.2) at x = ¥ =0
gives

AE - g0 L:ﬁ. = EiT (6.5)
with @ = w i/2v = kKyi/28. From BEq. (6.3) we find
a, 2
U = i‘ ‘uEnli . (6.6}
Substitute in Eq. (6.1) to obtain

RyT? = g M,e i QT2 = 480 % QT2 ohm . (6.7)



Az an example of another shape, for a eireular cavity (pillbox),
ne can find that

HF’: 2 - ne kg (6.8)
[ Pas Jll:pnjl ]
n which g, = 2.405, giving

HHT’ = 484 % qr” . (6.8a)

A broad maximum value of the quantity RQT?/k occurs for B=1 at
= 1.37 radian at which 4/k = 0.37 and T2 = 0,51. At that optimum
=ngth, the simple cavity then pives

R“T’ = 108 Q ohm . {6.9)

f modifying the cavity shape (e.g., reducing the longitudinal gap
1 the region immediately surrounding the beam tube), this Figure
iy be increased about 25%.

In these equations, the unloaded quality factor, Q. is used.
1ls may be in the region of 30,000 at 1 GHz, for example, and
siries as ,f1/w . When coupled to an extarnal circuit, the band-
tdth is controlled by the loaded { and then,to calculate the pOwWer
ito an external load when used as a pickup, one must correct for
1y mismatch of impedance by changing ET? used in Eq. (3.19) accord-
g to

RT” + [4 Q {Qy - Q)/q0) BRT® . (6.10)

A cavity in which the magnetie field transverse to the beam is
¢ shown in Fig. B can serve as a tranaverse electrode. For a

wity with square cross section exeited in the TH::n mode, the
; Field is
hud 2y
E =8y cos g sin 4 (6.11)

W k= Eifwﬁ . We f.nd B T2 using

w U 2 2
= _C_ = 1|apBC
P ~ L 1F|.‘;41§;| /R T (6.12)
|H1'Ii¢|l
. 3 ARy _ 2
&Eﬁ; jE_nﬁ(H) jE:a_'EnIT. {6.13)

f
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Fig. B. Field in transverse cavity-electrode.

T and U are the same as in Eqs. (6.5) and (6.6), giving the result

= 32 I B S
BT = e Woe p y U1 = 153.6 P 1 qrs . (6.14

At maximum 8QT*/% (and B=1), we have @ = 1.41 and Elr’ = 33.7 Q ohm

F. TEAVELIMG-WAVE ELECTRODE

Because coupling to the energy of the beam is through the
longitudinal electric fiald, it is appealing to think of an elec-
trode in which the wave of E, moves downstream im veloeity synchro-
nism with the beam. To the extent that is achievable, the power
interchanged will increase as L?, instead of L. In smooth con-
ducting waveguides the phase velocity is always graater than e,
especially in modes with strong amial electric field. But some
modified, or loaded, guides have slow waves and can be used as bean
electrodes, 7

On the axis of 2 helical line (Fig. 9), there is a lomgitudinal
alectric field with reduced veloclty BLe.®® The shunt impedance o
this electrode treated as a sheath helix is given by

RHT, )\ vt K (ha) b Kﬁ{hb} in 8\ e =
T/ e | T (ha) T (hb) 8
k k
in which T;= 1= ,h=—9 ande=¢L -1y _ 0 o
3= Bor By B 2
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—-‘Za

= 3 02 W O 5, I A
'qu'v\;\f‘vr\’I“

©
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Fig. 9. Beam on axis of helical line.

idified Bessel functions T_ and Kﬂ for small arguments, that is, for
e » b, reduce to the form

2 W.e ‘ 3
R,T &« fw \ _o 1nb(zin 8y . {7.1a)
Il 2 24P & 8
B Y e L

i this we recognize (pgc/2w)ln(bfa) &s the impedance of a coaxial
ne of radii a and b, Also, we see sin 8/9 as the transit-time
ietor in which 0 iz a measure of the phase slip between beam and
‘aveling wave. To aveoid large dispersion in the wave wvelocity inm
iis periodic struecture, P % must be larger than twice the pitch of
e helix. In an example use,® this alachruga was effective at
= 200 Mz, B = 0.5. However, the factor y_ in the denominator
11 make the device ineffective for very relativistic particles.
The slotted-eoax coupler shown in Fig. 10 communicates with the
iam tube through a cow of holes or slote in the outer wall of a
imxial line parallel to the beam.'! There is a net energy transfer
‘om 3 beam particle to the coaxial line until either an equilibrium
¢ reached or a sufficient phase difference develops between beam
d coax signal. The slots that provide the coupling also reduce
e phase velocity in the coax and cause dispersion in that veloci-
Perturbation caleulations*? for the geometry of Fig. 10 show
iat the coupling and the velocity are so related that the plckup
ipedance becomes simply

. —-ja
7 %3 eb g fzR o3% sine (7.2
P 2 L e a

ETLc

ere Z; is the impedance of the coax and y and © are as in
[« €7.1). The shunt impedance is then

2 o eV (Ein a)‘
R, T" = Z: | Ral-d A (7.3}
Il (TEB E) L 8

This is very similar to the result for the helix, but here a vercy

gemall velocity reduction introduces disperszion that limits the use
of the slotted coupler &8s a broad-band device to B = ~0.95. Al-

though it iz 8 wesk coupler, it is & good high-Ereﬁuencr structure
and is ugeful where strong coupling is not demandad.

XBL 868-3171

Fig. 10. &lotted coax on beam tube.

8. STRONG MAGNETIC KICKER

& pulsed magnet with & field held steady during the passage of g
burset of particles is usually the choice for injecting or ejecting
beam from the orbit in & circular accelerator. The Field in this
device is commonly required to rise (or fall) rapidly during the gag
between successive beam bunches or injection bucsts (Fig. 11).

ap, 5

¥BL B58-3172

Fig. 11. Pulse shape for ejecting circulating beam.




@ overall length of such a device may be limited by space
‘ailable as wall as other considecatlons. Hence the beam gap vr,
erall length &, and, of course, the deflection 4p are primarcy
sign requirements. Minimum width and height, w afid h, of the
erture are also predetermined. The values of most other parame-
e of the kicker are then marrowly constrained.

1f the allowed rise Lime is greater than about 10 nanoseconds, a
ke of ferrite or laminated iron or met-glass may be used in either
g ¢ or H configuration (Fig. 12Z). To parmit execitation of the
gnet by @ fast pulse of current, the (ome-turm) winding is made of
geingle conductor at easch side of the aperture. This then consti-
ites a Lranemission line of characterietic impedance Z_ = W L'/C'
‘ig. 13). Equal and opposite currents flow into this line and
‘opagate at veloeity vy to the and of the magnet.where they ter-
nate without reflection in a resistor of matched impedence. The
ansverse fields D and € of the line deflect the pacticles of the
am, One way to power such a magnet is with a storage- line pulse
merator which provides a step-function woltage pulse. For such a
Ilsed magnet ciccuit, the following relations apply:

v = 1/y L'C! ¥ HgwW'h

(8.1)
B = ugl/h v

Zgl = v wh

o -
< \\“\
L \
MAGWET
|— ————— -r--i—ll---rﬂ
o
£
it
% \ ,
T
‘.
) x,
-
WKHL BGE=31174
XBL 8&B=31T1
Fig. 12. FKicker magnet Fig. 13. Magnet shown in circuit

with capacitanece irdi- as & lumped-element line.

cated schematically.
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A particle that traverses total lemgth & in the magnet during
the flat period of the pulse will receive an impulse

&p; = ok(B £ E /v) . (8.2)

The upper sign applies if the pulse is traveling upstream ralative
to the beam, in which case the traneverse electric field will aid
the magnetic force. The average of E; across the aperture must be
Viw = v B, but eonductive pole tips might reduce that strength
locally. The fill time of the magnet is &/vy, but the duration

of the beam gap will be greater or less depending on the pulse direc-
tion according to

(8.3)

-

(]
S|

(8
e

For & short beam gap, large v would be desirable. However, v (and 1)
also determine the kicker line impedance through

apy ¥y apg ¥ 1.1 |
v BV "nE/(t*?} (8.4)

In such high-power pulsed clreults, there is a practical upper limit
for 2y around 50 ohms which results in v /c = 0.1 [w/h assumed ~1 in
Eq. (B.4)]. The free parameter to sdjust Zj; ie the distributed ca-
pacitance per unit length, C'. To add capacitance to the magnet
conductor, fins are sometimes attached periodically between short
sections of the kicker magnet yoke.

In seeking a set of parameters that satisfy the relations in
Eq. (B.4), we note that the kicker strength does not appear in that
equation. Thie permits one to let & represent the langth of ona of
several separately powered short magnets. An additional acgument
for separate sections may come from the vaelue of the total kicker
valtage required:

+
Ap 1z wav

V = _J' — {a.s]
1% ELNB

£

To remain within practical limits on circuit woltage not exceading
about 100 KV, one may make several short sectlons, each supplied
with a (sultably delayed) pulse of reasonable voltage.

In the case that the rise time is as long as the microsecond
renge, it is practical to make the klcker of a series of short
pulsed magnets that look electrically like inductors rather than
transmission lines. To produce the required rise followed by a long
flat dwell, the circuit may be as in Fig. 14 to produce an initial
higher voltage. This scheme is less sulted te a very fast pulse
because of transiente betwesen unmatched components and the more
complicated voltage source.
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That the kicker specifications closely define the design of the
ngle-turn kicker appears also in the power required. During the
.at portion, the power is found to be, using Eqs. (B.3), (B.4), and
F.5) in P o= WR/2,

fp WY wh (1 + v Jv)
P =(.§$j L - (8.5)
pult {1+ ELJUE]

Vs

RS.

I

e —

=1
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Fig. 14. Circuit and charging pulses for kicker driven
ag &n inductor.

Finally, we point out that the single-turn magnek is a variant
" the transver=ze stripline kicker and that the frequency-domain
slations of section &4 apply, albeit with the following caveats:
12 symbols w and h have been interchanged, Zy replaces 2%, and no
ansformer to B, = 50 ohm is used. For example, from Eq. (8.6) we

w Eind
(Lp ﬁc]z
R T® =
iy

=

2
iv + *
uu 0 “L {1 & ElfUEJ

o (R

(8.7)

T ]
. (“_"_L) (1t € /svB)

iich is the seme as the result of using Eq. (4.10) in the limit of
will .

9. TRANSVERSE VARIATION OF COUPLING

The problem of calculating the spatial variation of an
electrode's effect across ite aperture involves an integration over
a three-dimensional distribution of field waves. 1In this section,
we shall see that this can in many cases be reduced to the solution
of 8 two-dimensional boundary-value problem.

The energy increment, expressed as a voltage V, given by a
kicker to a particle passing along a straight line with constant
velocity in the z direction is given, as in Egq. (1.2), by

b oy -+

Vix,y.t) -J- E«ds . (9.1}
a

In the integration, the value of € = E; must be taken at the time
t = z/Bc when the particle passes z. For simplieity, let us omit
the subscript z, then note that this z-component must satisfy the
wave eguation

z
e -1 3€ .o . (9.2
3 ) o

|

Let us now use the above to find a two-dimensional differential
equation for ¥ involving the quantity

- 2
?:?EL}+L‘E . (9.3)
ax ay

Differentiate Eq. (9.1) and insert Eq. (9.2):

b b
g z . 1 3% _ 3" .

?J_'li' J {"i"iEJ dz '[ (g_’ at' e dz (9.4)
a a

The variables z and t are related through z = Bct, which we use in
the relation

J.§£ dz = £ - | 2 2t 47 + const |, (9.5)
3z at dz

to integrate the second term of Eq. (9.4) to obtain

b b
iy = - 2E +I (Lﬂ*l_?'!_E)dz . (9.8)
L az e u® fc @zat

Again apply Bq. (9.5} to integrate the mixed-derivative term:
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b b

u“U=(_ﬁ+LﬂL) S a'z_Edz ; (9.7)
L az  pe at tAye)? ot
a a

sert Eq. (9.1) and rearcange to

b-
) b't+ﬁn_a

a,t

(9.8)

v e 2% (- 38,1 2
Eﬂ"r{::l'z ac? dz fc at

The solution of Eq. (%.8) is the desired function. TIn many
plications involving kickers, aceslerating electrodes, and pick-
ig, the limits a and b may be chosen where the fields are zero or
Ake, making the right-hand side zero; Eg. (9.8) then simplifies to
e madified wave equaticn

uiu g1 . i_g =0 . (9.8a)
(Bye)” at

wndary values are determined by Eq. (9.1) using fields at the
ansverse perimster of the reglon of interest. For example, the
.elds around eélectrodes and gaps at the adge of the aperture may be
wmdily known or estimated.

& familiar example of this problem is that of a narrow annular
:celerating gap of length & in & cireular beam tube of radius r .
isume the voltage scross the gap s a function of azimuth ¢ is
J(¢}e1“t. With some assumption about how E(r,) in the gap is dis-
ibuted, Eq. (9.1) can be integrated to give a transit time faetor,
i example, if E{rg) is rather constant across the gap at each azi-
ith, the boundary value V(ry}, considered a phasor, is

iz

je z/p

Vib,§) =j Elr . ¢le T dz = vu{wma_ﬂ {9.9)
iz

1 which 8 = kgLl/2f, T1f we Fourier analyse Vy(¢), then for sach
timuthal hsrmonic Vg, the solutlon of Bq. (9.8a) is Found in terms
f the medified Bessel functione I (k,r/fy)}. A well-known result

ir azimuthally uniferm ¥g is

I (k
Vir)} = ¥ _ﬂﬂ gin 8 | (9.10)

° 1 (kr /BY) @

18 notes here that 2lthough the rf fields in &n sccelerating cavity
ay be related to Jn(kc), that particular radisl dependence does not
ppear in the voltage gain given to particles at various radii im

he beam tube.
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In the case of the stripline leop electrode, it is the
application of Eq. (9.8a) that, with some restrlctions, justifies
the commonly employed procedure of using a 2-dimensional static
eleetric potential distributien to caleulate the spatial variation
of kick Vi(x,¥). To illustrate this, consider the recessed loop
sketched in Fig. 15. Exclted by voltage TLaJWt fields, longitudi-
nal electric fields in the ¥ = 0 plane appear only in the gap near

- S oxy
—— L
[ | _L?J_ r

v L
V=g
D,y y
XBL B68=-31176 Ve V-Vt y=p Lx

Fig. 15. Stripline geometry and corresponding
boundary-value specifications.

the ends of the stripline. If those gaps are small compared to the
reduced wavelength B/k,, the voltage galn seen by a particle paseing
slong ¥ = 0 at the stripline ies effectively equal to the sum aof the

gap voltages with appropriate phase factors. Evaluate Bg. (9.1) at
the strip at y = O

@ ik z/p Ik 4B -dk _R/P
\ruaflﬁzaﬂ dz:_\rLau La‘ju +-|'|-L

J(X - &)
2V e * g8in @ (9.11)

where 6 = k_ & (&[ + l}} as in BEq. (4.4). Por any trajectory at the

coordinates x,y, the particle will receive voltage V given by the
solution of Eq. (9.8a) for the boundaries shown in the axial view
with ¥, on the stcip cross section. Note that only for highly re-
lativistic (Py » 1) particles does Eq. (9.8a) reduce to Laplace's
equation for which V may be a two-dimensional electrostatic distri-
bution. The g-factors given in Eqs. (4.2) and (4.7) are found from
the ratio of ¥ to V, for the case of large PBr.

If the grounded wall arcund the strip at y = 0 were moved back
to make the plate a salient or protruding, the sc-modified “gaps™ at
the ends may requira the intreduction of a kransit-time factor and
&n increase in the effective length., Also, the effective width of
the strip would be less simply defined. 3till this method is useful




442

or simplifying the caleulation of V and guiding the understanding
f slectrode geometries.

Using Eq. (9.Ba) we can now understand what are the restrictions
n order that the diagomally cut eylindricsl difference electrode,
escribed in section 5, will exhibit a response linear to displace-
ent. The form of ¥V at the boundary will contain sin (1 - L/2)k /B.
ith a disgonel cut, % varies linearly with transwverse beam pﬂﬂiE
ion. Thus, the requirements for a linear characteristie are that
oth k,t and ky/pPy be small compaced to unity,
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